Nucleation rate data for hen egg-white lysozyme crystallization were obtained using a particle counter. Tetragonal lysozyme crystals were expected to form at the temperature and solution conditions of these experiments: 48C, pH 4.5 with 0.1 M sodium acetate buffer and 2-6% NaCl (w/v). The rates varied as expected, as smooth monotonic functions of supersaturation at 2%, 3% and 6% NaCl. However, at 5% NaCl, a great deal of scatter in the data was observed. At 2% and 3% NaCl, all the batches contained crystals with tetragonal morphology. At 6% NaCl, almost all of the vials contained the white powder with few or no tetragonal crystals. At 5% NaCl concentration, a mixture of tetragonal crystals and powder formed in varying proportions in all the vials as observed by visual inspection. The powdery material was examined using optical microscopy and was seen to consist of needles with regular structure and sharp, faceted edges. Powder diffraction data from these needles was inconsistent with experimental powder diffraction data from tetragonal lysozyme crystals. It is possible that at high salt and protein concentrations liquid-liquid separation occurred and yielded a crystal polymorph. #
Introduction
Structure determination of biomolecules is essential to an understanding of structure function relationships and to the rational development of strategies for disease treatment and pharmaceutical development. Many biomolecules of interest are proteins that can vary in size from 10 to 500 kDa. X-ray crystallography is the technique normally employed for structure determination of proteins larger than 20 kDa. In order to determine structure using X-ray crystallography, a crystal of suitable size must first be formed. Growth of protein crystals from solution also has application as a separation or purification process for protein products.
Crystallization can be modeled as two distinct processes consisting of nucleation and crystal growth. Nuclei are clusters of solute molecules of sufficient size such that growth and dissolution are equally likely events. Addition of solute molecules to these nuclei results in an aggregate of molecules that will grow in size to form crystals.
Supersaturation, the concentration of solute in solution above equilibrium solubility, provides a driving force for both nucleation and crystal growth. The supersaturation required for nucleation is much higher than that required for crystal growth. Lowering temperature, increasing ionic strength, adjusting pH or simply increasing protein concentration can often increase supersaturation and influence nucleation [1] .
Many light scattering studies have addressed the behavior of protein solutions under crystallizing conditions in terms of aggregate formation and nucleation induction time [2] [3] [4] . These studies relate solution conditions to the formation of nuclei and the time required for the first appearance of these nuclei, the induction time.
At high protein concentration or low temperatures, liquid-liquid phase separation has also been found to occur in several protein systems [5, 6] . In a protein-rich phase, crystal nucleation rates are expected to be accelerated [7] . In a computer simulation study, it was found that the presence of a metastable fluid-fluid critical point drastically changes the pathway for the formation of a critical nucleus and the large density fluctuations near the critical point increase the nucleation rate [8] . Haas and Drenth discuss the nucleation mechanisms in the liquid-liquid phase separation zone [9] and attempt a theoretical explanation for enhanced nucleation rates. Liquid-liquid spinodal decomposition followed by nucleation was proposed by Georgalis et al. [10] . They also observed the formation of 'sea urchin' lysozyme crystallites from coalescing domains of the phases.
The structure or arrangement of the protein in the solid phase is influenced by many of the same factors that influence nucleation: protein concentration, pH, precipitant type and concentration, and pH [11] . Structurally dissimilar solid phases are referred to as polymorphs. In general, polymorphs differ in solubility. If the solid product is a pharmaceutical, polymorphs can differ in dissolution rate and therefore bioavailablity [12] . At very high levels of supersaturation unstable polymorphs can form with subsequent solid-solid transitions to a more stable solid state.
We measured the nucleation rate of hen eggwhite lysozyme crystals at varying protein and precipitant concentrations. The precipitant used in these studies was NaCl. Under conditions of high salt and high protein concentrations, morphology of the resulting solid phase differed from the expected tetragonal crystal morphology.
Materials and methods

Solutions
Hen egg-white lysozyme (Seikagaku) was dissolved in 0.1 M sodium acetate buffer at a pH of 4.5. The buffer was exchanged three times with a pressure concentrator (Millipore or Sartorius) using 10000 or 8000 MWCO membranes. The concentrated protein stock was filtered through 0.2 mm syringe filters (Corning). The concentration of protein in solution was determined by measuring the absorbance at 280 nm using an extinction coefficient of 2.64 absorbance units per 1 mg/ml solution and a 1 cm light path [13] . Sodium chloride solutions were prepared by dissolving the required amount of NaCl in sodium acetate buffer. The protein concentration was adjusted by adding buffer to the protein stock. Both the protein solution and the salt solution were precooled at 48C for at least 1 h before they were mixed. The final crystallizing batch solution was prepared by mixing 4 ml of protein solution and 4 ml of salt solution for a final NaCl concentration of 2%, 3%, 5% or 6% (w/v). The mixture was filtered into a clean 20 ml scintillation vial through a 0.1 mm syringe filter (Millipore). The vial was then placed on the particle counter stage.
The protein concentration range studied was varied with the salt concentration. Defining supersaturation as the ratio of protein concentration to tetragonal hen egg-white lysozyme solubility ðC=C * Þ, the range of supersaturation studied was from about 10 to 20 at 2%, 3% and 6% NaCl, and from 10 to 35 at 5% NaCl. This corresponds to the protein concentration ranges of approximately 27-60, 10-19, 4-15 and 3-7 mg/ml for 2%, 3%, 5% and 6% NaCl, respectively. Many of the experiments were performed in triplicate, with as many as five replicates in some cases at 5% NaCl.
Particle counting
A particle counter, PC2000, from Spectrex Corporation was used to obtain the number density of crystals in the crystallizing solution with respect to time. This instrument uses the principle of near angle light scatter to detect particles in the solution. A revolving laser beam passes through the walls of the vial and illuminates a fixed volume of liquid in the sensing zone. As the laser beam moves across a particle suspended in the sensing zone, light from the beam will be scattered. Much of this scattered light is in the near-forward direction and is collected by the optical system of the photodetector assembly. The flash of light striking the photodetector will cause an electrical pulse in the preamplifier connected to the photodetector. The number of pulses indicates the number of particles present and the amplitude of the pulse is used to size the particle.
The counter can be programmed to obtain the number density of particles in the solution over time. The counter was calibrated with Clintex particle standards of size 10.35 mm, obtained from Pacific Scientific. This standard contains 1000 particles per ml, and various dilutions of the standard were employed in calibrating the instrument. The change in the number density of particles with time, immediately after mixing the protein and the salt solutions, yields the rate of nucleation. The particle counter was placed in an incubator for precise temperature control ( AE 0.18C) and data were collected at 48C.
After collection of rate data, a number of vials were kept at 48C for about six months, and the protein concentration in the supernatant solutions was measured to obtain solubility information.
Powder diffraction
Crystals with needle or 'sea urchin' morphology were formed in addition to the expected tetragonal form of lysozyme. Therefore, both types of crystals were examined using X-ray powder diffraction to obtain information about possible differences in the solid structure. The crystals with needle morphology were too small for single crystal X-ray analysis. The size of a single needle crystal did not exceed 50 mm in the longest dimension and 5 mm in the shortest dimension. These crystals were not powdered or ground further. Needles were transferred into a 1 mm glass capillary tube and were stabilized by a saturated lysozyme solution with the same solution conditions from which the needles were obtained. Tetragonal crystals were crushed in an eppendorf tube using a spatula. This powder was then transferred into a 1 mm glass capillary tube and was stabilized using the same solution as described above. A solid mixture of sodium acetate and sodium chloride in the ratio found in the crystallizing solution was prepared by grinding these salts using a mortar and pestle and placed in a capillary tube. The capillary tubes were sealed with wax. Diffraction data were collected using a Rigaku R-axis IV image plate detector with a 50 kV, 100 mA rotating copper anode and focusing mirrors, using an oscillation of 2408 and 30 min exposure time at a 100 mm crystal-todetector distance.
Results
The number of particles formed in the sensing zone of the particle counter was tabulated at small time intervals. Only particles greater than 0.5 mm in size were detectable. Stable nuclei are assumed to grow into crystals that can be counted. The rate of particle formation is then determined from the slope of a plot of number density versus time as shown in Fig. 1 . At short run times the supersaturation of protein changes insignificantly as calculated from a mass balance of particle density and size and initial protein mass in solution. Using this method, the rate of particle formation, or nucleation rate, can be determined at the initial solution conditions.
Tetragonal lysozyme crystals were expected to form at the temperature and solution conditions of these experiments; 48C, pH 4.5 with 0.1 M sodium acetate buffer and 2-6% NaCl (w/v). Fig. 2 summarizes the nucleation rate data at 3%, 5% and 6% NaCl as a function of protein concentration. The lines drawn are exponential fits to the data. The rates vary as expected, as smooth monotonic functions of supersaturation at 2%, 3% and 6% NaCl. (Data are not shown for 2% NaCl in Fig. 2 for clearer presentation of the data.) However, at 5% NaCl, a great deal of scatter in the data was observed. At the conclusion of the experiments, the crystallizing batches were examined and some were found to contain a white powdery material along with regular tetragonal crystals. At 2% and 3% NaCl, all the batches contained crystals with tetragonal morphology. At 6% NaCl, almost all of the vials contained the white powder with few or no tetragonal crystals. A mixture of tetragonal crystals with a small amount of powder formed at low protein concentrations (below 5 mg/ml) in 6% NaCl. At 5% NaCl concentration, a mixture of tetragonal crystals and powder formed in varying proportions in all the vials as observed by visual inspection. The powdery material was examined using optical microscopy ( Fig. 3) . At low magnification the Fig. 1 . Typical nucleation rate data set. Number density of particles is plotted against time. The slope during the initial time period gives the nucleation rate. At very long run times the number density of particles drops due to settling of large crystals out of the instrument's sensing zone. Because crystals must first grow to a detectable size after nucleation has occurred, particles may not be detected at early times. Fig. 2 . Nucleation rates at various NaCl concentrations plotted against protein concentration. At 3% and 6% NaCl concentrations, the rate data appear to vary smoothly with protein concentration, whereas at 5% NaCl there is much scatter in the data. The powdery solids that formed frequently at 5% and 6% NaCl had a 'sea urchin' morphology at lower magnification, but clearly had faceted edges when viewed at higher magnification, 400 Â , as shown in. material appeared as clumps with 'sea-urchin' morphology reported by others in crystallizing lysozyme [14] [15] [16] . However, under high magnification, the powdery material was seen to consist of needles with regular structure and sharp, faceted edges, approximately 5-50 mm in the longest dimension.
Although others have reported the presence of needles (as clumps or 'sea urchins') in crystallizing lysozyme, this solid phase is poorly characterized. It was thought that a measurement of solubility might offer information about the structure and stability of these needles. The concentration of protein in the supernatants of batches that were incubated at 48C for about six months was measured. The concentration obtained from the vials containing 2% NaCl was 3.001 AE 0.091 mg/ ml. This was in good agreement with a calculated solubility value of tetragonal lysozyme crystals of 3.022 mg/ml [17] , suggesting that the batches were near equilibrium. The concentration measured at 5% NaCl was 0.464 mg/ml in a vial that contained predominantly needles with a small amount of tetragonal crystals. Two vials of tetragonal crystals with 5% NaCl had supernatant concentrations of 0.402 and 0.397 mg/ml, which are less than a calculated tetragonal lysozyme crystal solubility value of 0.532 mg/ml [17] . The supernatant concentration in the vials containing predominantly tetragonal crystals in 6% NaCl was 0.320 AE 0.016 mg/ml, again lower than a calculated solubility value of 0.405 mg/ml. The supernatant concentration from a vial with predominantly needles at 6% NaCl was 0.486 mg/ml, which is significantly greater than that from the vials with tetragonal crystals. It should be noted that the regression coefficients reported in the above reference [17] to estimate tetragonal lysozyme crystal solubility also have some degree of uncertainty, the largest margin being at 5% NaCl with a reported average deviation of 13.8%. In general, supernatant concentrations from vials containing needles appear to be greater than those from vials with tetragonal crystals. An increasing number of tetragonal crystals appeared in the vials with needles as incubation time progressed.
Von Dreele has recently performed a Rietveld refinement of sperm whale metmyoglobin by combining high-resolution X-ray powder diffraction data obtained using a synchrotron source with stereochemical restraints [18] . To obtain information on the crystallinity and structure of the needles formed at high salt and protein concentration we performed powder diffraction studies (since single crystal X-ray diffraction of the needle crystals was not possible due to their small size). A powder diffractometer with a Cu X-ray tube operating at 2 kW was not suitable for our needle sample and so an imaging plate detector with a 5 kW X-ray source was used as described in the Materials and Methods section. For comparison, powder diffraction data were acquired for the buffer-salt mixture (sodium acetate and sodium chloride) and tetragonal lysozyme crystals. The needle powder diffraction data yielded a pattern of well-formed concentric rings of variable intensity, confirming that the needles are crystalline (Fig. 4) . In Fig. 5 , intensity as a function of scattering angle, 2y, is shown for the needles, tetragonal crystals and buffer salts. Differences in the diffraction patterns are apparent. When comparing the needle and tetragonal crystal data, there are shifts of some of the more intense peaks. Most notably, an intense peak in the needle pattern, at about 3 degrees, is missing in the tetragonal pattern. The pattern for the buffer salts is quite different, with peaks well removed from most of the peaks for both the needle and the tetragonal crystals.
To compare the powder patterns rationally, a tetragonal powder pattern of hen egg-white lysozyme was simulated using the structure factors and coordinates taken from file 193L in the Protein Data Bank [19] and 'xpro' and 'xpow' programs from SHELXTL, Unix ver. 5.1, (Bruker AXS). Using xpow, intensity versus 2y was plotted and the nine most intense peaks in the tetragonal form of lysozyme were identified and labeled A-I, with A being the most intense peak (Fig. 6) . The nine peaks were found to be clearly visible in the powder pattern of the tetragonal crystals that was acquired (Fig. 6) . The simulated tetragonal powder pattern was then compared to the needle powder diffraction data. Some of the major tetragonal peaks are missing in the needle powder pattern, particularly C. We also see a shift in relative intensities in some major peaks. For example, the relative intensities of A and B differ in the needle and tetragonal powder diffraction pattern. There is also a fairly intense peak at low angle, at about 3 degrees, in the needle powder Fig. 5 . Intensity versus 2y for needle crystals, a powdered tetragonal crystal sample and a sodium acetate/sodium chloride buffer mixture. Fig. 6 . Intensity versus 2y for (a) a simulated powder pattern for tetragonal crystals, (b) powdered tetragonal crystals and (c) needle crystals. The intense peaks in the simulated powdered pattern are ranked from A to I with A being the most intense peak. The locations of these peaks are indicated on the tetragonal and needle powder diffraction data. There is a good match between the simulated tetragonal powder pattern and the experimental tetragonal data. The match between the simulated pattern and the needle data is poor.
pattern that is not present in the tetragonal powder pattern. Our needle crystal powder diffraction pattern is inconsistent with the tetragonal powder pattern.
To explore the possibility of the needles being one of the known morphologies of lysozyme crystals, powder patterns of monoclinic, orthorhombic and triclinic lysozyme crystals were simulated and these were compared to the needle pattern. The structure factors and coordinates were taken from files 1LKR (monoclinic), 1AKI (orthorhombic) and 1LKS (triclinic) of the Protein Data Bank [19] to generate the simulated patterns. A definite match between these simulated powder patterns and the needle pattern could not be perceived. Low angle intensity data may be helpful in determining the unit cell parameters of the needles, but these data were masked in our experiments by the beam stopper.
Discussion
In the incubated batches with 2% and 3% NaCl, lysozyme crystals exhibited the expected tetragonal morphology, whereas at 6% NaCl, crystals exhibited predominantly needle-like morphology in most batches. The nucleation rate data obtained at these NaCl concentrations were smooth with respect to protein concentration. At 5% NaCl, a mixture of tetragonal and needle morphologies could be seen in many batches. The large scatter in the rate data obtained with 5% NaCl could be separated into two groups as shown in Fig. 7 . These curves may correspond to the formation of either predominantly needle or predominantly tetragonal crystals. In a previous study a similar split in nucleation rate data was observed at 4% NaCl that was attributed to liquid-liquid phase separation [16] .
It is known that liquid-liquid phase separation occurs in protein solutions. Muschol and Rosenberger experimentally determined the liquid-liquid coexistence region, or cloud points, for highly concentrated solutions of hen egg-white lysozyme in 3%, 5% and 7% NaCl at our buffer conditions [15] . Using a correlation predicted by group normalization theory, they calculated cloud point temperatures as a function of protein concentration. Darcy and Wiencek compared these predicted cloud point temperatures extrapolated to low protein concentrations for 5% and 7% NaCl solutions to their measured cloud point temperatures in less concentrated lysozyme solutions [20] . They found that the extrapolated cloud point predictions overestimated the cloud point temperatures at the lower protein concentrations used in their studies. The protein concentrations in our nucleation studies were in the range of values examined by Darcy and Wiencek. The measured cloud point temperatures are well below our solution temperature of 48C except at the highest protein concentration used in our studies at 5% NaCl (15 mg/ml). However, the cloud point temperature as predicted by Muschol and Rosenberger is above our solution temperature. In Fig. 7 . The nucleation rate data at 5% NaCl is broken into two groups. At lower protein concentrations, tetragonal crystals formed and data were fit to an exponential function (solid line). At protein concentrations greater than 8.5 mg/ml data were grouped and fit to a second exponential function (dashed line). In this second data group, vials contained both needle and tetragonal crystals. lysozyme solutions, increasing salt concentration increases the cloud point temperatures [15, 20] and decreases the solubility. This means that the solidliquid coexistence region approaches the liquidliquid phase separation region as salt content is increased. The lower salt concentrations, 2% and 3% NaCl, and protein concentrations used in these studies were well away from the liquid-liquid coexistence region even as conservatively predicted by Muschol. Only tetragonal crystals formed at these salt concentrations. At 6% NaCl, our solution conditions may be below the cloud point and the crystals exhibited predominantly needle-like morphology. At 5% NaCl we may have a mixture of conditions where at lower protein concentrations we are nucleating crystals above the cloud point and at higher protein concentrations we are nucleating crystals below the cloud point. At a protein concentration of 8.4 mg ml À1 at 5% NaCl five repeats were performed. In three of these repeats tetragonal crystals formed at a nucleation rate of 98.3 AE 0.2 ml À1 min
À1
. In the samples that appear to form predominantly needles with a small amount of tetragonal crystals, the apparent nucleation rates were 42.0 and 42.6 ml À1 min
. If a liquid-liquid phase separation occurs, it is expected that a protein rich and protein lean phase would form. According to Muschol and Rosenberger the protein rich phase can contain up to 400-500 mg ml À1 of protein. It is expected that nucleation rates would be very high at these concentrations. However, a simple mass balance based on the above estimated concentration of the protein rich phase shows that the volume of protein rich phase transiently formed is very small compared to the total solution volume. If liquidliquid phase separation occurs in the vicinity of 8.5 mg ml À1 with 5% NaCl, an infinitesimally small volume of protein rich phase would form at this concentration. Even if nucleation rates are very high in the protein rich phase, the apparent nucleation rate drops when averaged over the total solution volume. The resulting protein-rich phase may produce an unstable crystal polymorph with the observed needle morphology. These crystals may then act as seeds for further nucleation.
The batches of crystals were incubated over several months and tetragonal crystals appeared in the batches where initially only needles were visible directly after a nucleation rate experiment. Additionally, the supernatant concentration in aged samples with predominantly needle crystals was consistently higher than that of samples with tetragonal crystals at the same salt concentrations. These observations are consistent with the assumption that the needle crystals are an unstable polymorph of crystalline lysozyme that slowly converts to the tetragonal form. It is possible that a highly protein-rich phase may be affecting the nucleation process at high salt concentration, giving rise to an unstable polymorph.
Polymorphs can vary in stability. As an example, the amorphous form of insulin was observed to be more stable than the crystalline form, contrary to the expectations [21] . As mentioned previously, polymorphism in pharmaceutical products may affect bioavailability and effectiveness. For structure determination, one needs to have stable crystals. Nucleating a protein crystal can be a challenging task in some cases. Since the liquid-liquid phase separation region offers localized enhancement in nucleation rates, it might appear that an attempt to crystallize a protein at those conditions is a good approach. However, the possibility of forming an unstable polymorph at those conditions can undermine the efficacy of that strategy.
